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Regional Analysis of Annual Precipitation 
Maxima in Montana

By Charles Parrett

Abstract

Dimensionless precipitation-frequency curves for 
estimating precipitation depths having large recurrence 
intervals were developed for 2-, 6-, and 24-hour storm 
durations for three homogeneous regions in Montana. 
Within each homogeneous region, at-site annual pre 
cipitation maxima were made dimensionless by divid 
ing by the at-site mean and pooled for analysis to yield 
a single dimensionless frequency curve applicable for 
each duration. L-moment statistics were used to help 
define the homogeneous regions and to develop the 
dimensionless precipitation-frequency curves.

Data from 405 daily and hourly precipitation sta 
tions operated by the National Weather Service and 54 
daily precipitation stations operated by the Natural 
Resources Conservation Service were used to develop 
the database of annual precipitation maxima. Statistical 
tests were applied to the annual precipitation maxima 
to ensure that the data were not serially correlated and 
were stationary over the general period of data collec 
tion (1900-92). The data also were tested for spatial 
independence using the interstation correlation coeffi 
cient and found to have a small degree of interstation 
correlation.

Several attempts were made to delineate homoge 
neous regions. Three regions previously delineated on 
the basis of physiography and climate were tested and 
found to be acceptably homogeneous for purposes of 
this study. The same regional boundaries were used for 
all storm durations. Region 1 consisted of generally 
mountainous western Montana where large storms 
generally receive their moisture from the Pacific 
Ocean. Region 2 included the mountains forming the 
eastern edge of the Rocky Mountain range where large 
storms are often the result of the orographic uplifting of 
moisture systems originating in the Gulf of Mexico. 
Region 3 consisted of the plains areas of eastern Mon 
tana where large storms may originate from moisture 
sources in the Pacific Ocean or the Gulf of Mexico.

Within each homogeneous region, regional values 
of L-moments and L-moment ratios were used to calcu 
late parameters of several candidate probability distri 
butions. A goodness-of-fit test was used to help select 
an acceptable distribution for each duration within each

region. The distribution that most often satisfied the 
goodness-of-fit test and was thus selected as the best 
distribution for all durations and regions was the 3- 
parameter Generalized Extreme Value (GEV) distribu 
tion. The GEV distribution was used to construct 
dimensionless frequency curves of annual precipitation 
maxima for each duration within each region. Because 
each region exhibited some heterogeneity and because 
of uncertainty about the appropriate probability distri 
bution, each dimensionless frequency curve was con 
sidered to be reliable for recurrence intervals up to the 
effective record length rather than the station-years of 
record. Because of significant, though small, intersta 
tion correlation in all regions for all durations, the 
effective record length was considered to be less than 
the total number of station-years of data. The effective 
record length for each duration in each region was esti 
mated using a graphical method and found to range 
from 500 years for 6-hour duration data in Region 2 to 
5,100 years for 24-hour duration data in Region 3.

Use of the dimensionless frequency curves to esti 
mate precipitation depths for specified durations and 
exceedance probabilities at ungaged sites requires the 
estimation of mean at-site values of annual storm depth 
for the specified durations. Ordinary least-squares 
regression equations for the estimation of mean storm 
depths for durations of 2, 6, and 24 hours were devel 
oped. Explanatory variables for the regression equa 
tions included site location (latitude and longitude) and 
mean annual precipitation. The regression equations 
were tested against methods for estimating mean val 
ues previously developed by the National Weather Ser 
vice and were determined to be generally more reliable 
within Montana than the previously developed meth 
ods. Use of a nearby precipitation station to estimate 
mean storm depth at an ungaged site was also tested 
and found to be at least as reliable as use of a regression 
equation.

INTRODUCTION

Because the consequences of dam failure can be 
catastrophic, spillway design typically is based on the 
magnitude of an extremely rare, large flood. For those
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dams, where the risk to human life would be large in 
the event of failure, spillways are commonly designed 
to safely pass the Probable Maximum Flood (PMF). 
The PMF is an extreme flood that is considered to be 
the largest that could occur at a given site considering 
the most adverse combination of prevailing meteoro- 
logic and hydrologic conditions. The determination of 
the PMF for a given site is a fairly complex procedure 
that requires use of a rainfall-runoff model to simulate 
the runoff from a storm having the Probable Maxi 
mum Precipitation (PMP) depth under "worst-case" 
antecedent-moisture and infiltration conditions. Deter 
mination of the PMP storm, in turn, is also complex 
and is based on the extrapolation of data from the larg 
est storms known to have occurred in broadly defined 
regions of the country that are presumed to be meteo 
rologically similar. Although procedures for estimating 
PMP are well-documented and in wide use, estimates 
of PMP and the resultant estimates of PMF commonly 
are controversial, particularly for sites where evidence 
of large storms and large historical floods may be lack 
ing. The controversy is difficult to address because the 
probability of exceedance of the PMP storm is 
unknown and may be variable from site to site. With 
out knowing the probability of exceedance of the PMP 
or the PMF storm, accurate assessment of risk is not 
possible.

To better evaluate risk of dam failure and estab 
lish a more consistent basis for spillway design, a syn 
thetic design storm having depths and temporal 
characteristics that are based on probability of exceed 
ance is highly desirable. Unfortunately, most individ 
ual precipitation stations have record lengths less than 
100 years, and the low probabilities of annual exceed 
ance (0.01 to 0.00001) of the storms required for con 
servative design cannot be reliably determined at any 
single station. A regional analysis of annual precipita 
tion maxima in the State of Washington (Schaefer, 
1990), however, determined that data from individual 
precipitation stations could effectively be pooled 
within homogeneous regions. Based on the successful 
pooling of data, the effective record length within 
regions was extended to several thousand station- 
years. Thus, within homogeneous regions, extreme 
annual precipitation maxima (storm depths) having the 
necessary low probabilities of annual exceedance can 
be reasonably estimated from the pooled data. A sec 
ond study in Washington (Schaefer, 1989) analyzed the 
temporal characteristics of extreme storms in Washing 
ton and developed dimensionless depth-duration fre 
quency curves. Procedures also were developed for 
using the calculated storm depths for selected low 
probabilities of exceedance together with the dimen 
sionless depth-duration curves for various exceedance

probabilities to construct synthetic storms for design 
purposes. The results of the work in Washington have 
enabled dam-safety engineers to more reliably ascer 
tain the risks associated with various spillway design 
alternatives and to reduce costs in many cases by using 
risk-based designs that were more cost-effective than 
those required by use of the deterministic PMP-based 
design standard.

Purpose and Scope

Based on the success of the studies in Washing 
ton, the U.S. Geological Survey, in cooperation with 
the Montana Dam Safety Section of the Montana 
Department of Natural Resources and Conservation 
(DNRC), undertook a study to: (1) conduct a regional 
analysis of annual precipitation maxima in Montana 
and (2) develop dimensionless depth-duration curves 
and procedures for constructing large synthetic storms 
for design purposes. This report describes the methods 
and results of the regional analysis.

The regional analysis was based on annual 
precipitation-maxima data for storm durations of 2, 6, 
and 24 hours. An annual precipitation maximum at a 
precipitation station for a specified duration, such as 2 
hours, is the maximum precipitation amount, in inches, 
recorded during any 2-hour reporting period during the 
year. For purposes of this report, the term "annual pre 
cipitation maximum" is equivalent to "storm depth" or 
"precipitation depth for some specified duration" and 
the terms may be used interchangeably. For the 2-hour 
duration, annual maxima from 115 hourly recording 
stations in Montana and 4 hourly recording stations in 
Wyoming were used in the analysis. Data from Idaho 
were initially considered for inclusion in the database, 
but a preliminary analysis by the Montana Depart 
ment of Natural Resources and Conservation (Gary R. 
Fischer, oral commun., 1995) indicated that storm 
characteristics were significantly different in Idaho 
than in Montana. The difference presumably is due to 
the greater influence of Pacific Ocean based winter 
storms in Idaho than in Montana. Data from North 
Dakota and Canada also were considered for inclusion, 
but considerably more data compilation and reduction 
would have been required to make those data usable. 
For the 6-hour and 24-hour durations, annual maxima 
from 118 hourly recording stations in Montana and 4 
hourly recording stations in Wyoming were used. In 
addition, data from 337 daily recording stations, 22 of 
which were in Wyoming, were used for the analysis of 
24-hour duration storms. All hourly recording stations 
and 283 of the daily recording stations were operated 
by the National Weather Service (NWS), while 54 of

2 Regional analysis of annual precipitation maxima in Montana



the daily recording stations were operated by the Natu 
ral Resources Conservation Service (formerly the Soil 
Conservation Service). Sites operated by the Natural 
Resources Conservation Service, commonly referred 
to as SNOTEL sites, were included in this study to 
obtain more precipitation data for the mountainous 
areas of the State. All sites had at least 10 years of 
annual-maximum precipitation data. The location and 
type of precipitation station are shown on plate 1 at the 
back of the report, and the stations and supplementary 
information are listed in table 1 at the back of the 
report.

Z-moment statistics (Hosking, 1990) were com 
puted for the at-station annual precipitation maxima 
and used to help determine homogeneous regions using 
procedures developed by Hosking and Wallis (1993). 
Within each homogeneous region, a probability distri 
bution was selected based on Z-moment statistics for 
dimensionless values of pooled at-site annual precipi 
tation maxima for each duration. The at-site annual 
maxima for each duration were made dimensionless by 
dividing by the at-site mean values of annual maxima. 
The selected probability distributions were used to pre 
pare dimensionless regional frequency curves. The 
dimensionless regional frequency curves are presented 
in terms of recurrence intervals rather than exceedance 
probabilities. The reciprocal of exceedance probabil 
ity is equal to recurrence interval. For example, an 
annual precipitation maxima with an exceedance prob 
ability of 0.01 has a recurrence interval of 100 years. 
The equivalent record lengths for the combined at-site 
data were estimated for each duration within each 
region and were used as an indication of the relative 
reliability of the regional frequency curves.

To enable the dimensionless regional frequency 
curves to be used to estimate precipitation depths at 
ungaged sites for 2-, 6-, or 24-hour storms, a method 
for estimating mean values of 2-, 6-, or 24-hour dura 
tion precipitation depths was required. Accordingly, 
regression equations relating mean values of storm 
depths to various precipitation station characteristics 
(latitude, longitude, and mean annual precipitation) 
were developed.
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DATABASE OF ANNUAL PRECIPITATION 
MAXIMA

Annual precipitation-maxima data were obtained 
from several sources. The data required careful scru 
tiny to ensure that periods of missing record did not 
bias the reported annual maxima. In addition, various 
statistical tests were made to ensure that (1) annual 
daily maxima were equivalent to annual 24-hour max 
ima after application of a constant adjustment factor, 
(2) annual maxima based on different annual periods 
were equivalent, (3) records from stations located rel 
atively close together could be combined, and (4) 
annual maxima were not serially correlated and were 
stationary over the general period of data collection 
(1900-92). Finally, the cross-correlation between 
annual maxima for each station-pair for each duration 
was calculated and compared with distance between 
stations in each pair.

Data Sources

Annual precipitation-maxima data for NWS sta 
tions previously had been compiled by the National 
Climatic Data Center and were obtained from the Mon 
tana Department of Natural Resources and Conserva 
tion (Gary Fischer, written commun., 1994). Hourly 
precipitation data from the National Climatic Data 
Center generally were available only for the period 
1948 to the present. Annual precipitation-maxima data 
for NWS hourly stations operated before 1948 were 
previously compiled by the National Weather Service 
and were obtained from the Washington Department of 
Ecology (M.G. Schaefer, written commun., 1994). 
Daily precipitation data for SNOTEL stations were 
obtained from the Montana Natural Resources Infor 
mation System (J.R. Stimson, written commun., 1994), 
and annual maxima were extracted and formatted to be 
compatible with data for National Weather Service sta 
tions. Data were available through 1992 for most cur 
rently operated SNOTEL stations and some NWS daily 
and hourly stations. Data were available through 1991 
for most currently operated NWS stations.

Throughout the course of this study, Dr. 
Melvin G. Schaefer, Washington Department of Ecol 
ogy, provided insight and encouragement to the author. 
Dr. Schaefer also reviewed portions of the data analysis 
and interpretation and offered technical advice that was

Effects of Missing Periods of Record

Virtually all precipitation stations used in the 
study had some periods of missing record. Reported 
annual maxima for stations having missing record were

DATABASE OF ANNUAL PRECIPITATION MAXIMA



likely to be incorrect and biased on the low side if the 
periods of missing record occurred during times of 
heavy precipitation. Accordingly, annual data having 
periods of missing record were carefully checked to 
ensure that the reported maxima for those years were 
true maxima. If a reported maximum for any duration 
could not be verified as the true maximum, the maxi 
mum for that duration for that year was excluded from 
subsequent analyses. Considerable judgment was 
required to decide whether a reported annual maximum 
was to be used or excluded. If a period of missing 
record was long but generally dry and in a season of 
low storm activity at nearby precipitation stations, the 
reported annual maxima for all durations were likely to 
be used. However, if even a short period of missing 
record coincided with heavy rains at nearby stations, 
the annual maxima were likely to be excluded.

During some periods of missing record at some 
stations, precipitation gages continued to collect pre 
cipitation that was not recorded. In those instances, the 
first recorded amount after a period of missing record 
commonly was the accumulated total for the period of 
missing record and not the amount for the observa 
tional period for the station (one hour for hourly sta 
tions; one day for daily stations). Reported maxima 
based on data accumulated during missing periods of 
record were likely to be incorrect and biased on the 
high side. Again, careful scrutiny and judgment were 
required to determine whether reported annual maxima 
having possible accumulation errors were to be used or 
excluded.

Test for Equivalency of Annual Daily and 
24-hour Maxima

The use of annual precipitation-maxima data 
from the 337 daily stations for analysis of 24-hour 
duration data greatly expanded the number of stations 
and overall length of record (fig. 1) and resulted in a 
denser areal distribution of data. Moreover, the use of 
data from daily stations in the SNOTEL network 
enabled the only generally available high-elevation 
precipitation data in the State to be considered in the 
regional analysis (fig. 2). However, daily maximum 
precipitation generally tends to be less than 24-hour 
maximum precipitation, because daily maxima are 
determined for a fixed time period, typically midnight 
to midnight, that may not include the true maximum 
24-hour period of rainfall. Previous studies (Miller and 
others, 1973; Weiss, 1964) found that at-site annual 
daily maxima generally were equivalent to at-site 
annual 24-hour maxima after the daily maxima were 
multiplied by a constant correction factor of 1.13.

To determine whether corrected daily maxima 
were equivalent to 24-hour maxima in Montana, data 
for 65 stations having at least 10 concurrent years of 
daily and 24-hour maxima were tested. A non-para 
metric, two-sided rank-sum test was used to compare 
paired values of annual 24-hour maxima and annual 
daily maxima multiplied by the 1.13 correction factor 
at each of the 65 stations. The results of the rank-sum 
tests are reported as p-values. A p-value is the proba 
bility of obtaining a sample test statistic as extreme as 
that observed under the hypothesis that the medians of 
the corrected daily maximum and 24-hour maximum 
are identical. For example, a sample test statistic with 
a p-value of 0.05 would be expected to occur about 5 
times in 100 repeated trials if the sample pairs were 
randomly drawn from two populations with identical 
medians. The p-value was less than 0.05 (5 percent sig 
nificance level) at 2 of the 65 stations (about 3 percent), 
indicating that annual daily maxima were different 
from annual 24-hour maxima. At a significance level 
of 5 percent, about 3 stations out of 65 could be 
expected to show a difference just by chance alone. 
Accordingly, it was concluded that annual 24-hour 
maxima and annual daily maxima, after multiplication 
by 1.13, were equivalent and could be combined.

Test for Equivalency of Annual Maxima Based 
on Different Annual Periods

The hourly and daily precipitation data were 
obtained from different sources and, in some instances, 
the sources used different months to separate annual 
periods in the different data sets. Specifically, annual 
maxima for hourly data obtained from the National Cli 
mate Data Center were based on a climatic year begin 
ning in September, whereas annual daily maxima 
obtained from the National Climate Data Center were 
based on the calendar year beginning in January. 
Annual daily maxima from SNOTEL stations were 
based on the water year beginning in October. To 
ensure that the annual maxima based on years with dif 
ferent beginning months were equivalent, annual max 
ima for 2-, 6-, and 24-hour duration data for 20 
randomly selected sites were recompiled based on the 
calendar year . The recompiled data were compared to 
the annual maxima based on the climatic year using a 
two-sided rank-sum test. At each site, the annual max 
ima for each duration for the annual periods with dif 
ferent beginning months were found to be not 
significantly different. The smallest p-value for any 
duration was 0.09, while the largest p-value was 1.00. 
The p-values generally were greater than 0.7, clearly 
indicating that the differences between annual maxima

4 Regional analysis of annual precipitation maxima in Montana
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Figure 1. Types of annual-maxima precipitation stations and lengths of record, Montana and northern Wyoming.
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Figure 2. Types of annual-maxima precipitation stations and site elevations, Montana and northern Wyoming.

based on years with different months were not signifi- annual maxima. Based on the clear indication of no
cant at the 20 test sites. This is consistent with findings difference between maxima determined from a climatic
by Schaefer (M.G. Shaefer, Washington Department of year and a calendar year, it was assumed that the same
Ecology, oral commun., 1995) regarding analysis of clear indication of no difference would result from a
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comparison between water year and calendar year or 
between water year and climatic year. Accordingly, 
annual maxima based on annual periods with different 
beginning months were considered to be equivalent for 
all stations used in the study.

Combining Records from Nearby Sites

Over the course of their operation, NWS stations 
occasionally are moved to new locations relatively 
close to the old locations. In addition, new stations 
may begin operation only a relatively short distance 
away from existing stations. If the distance and differ 
ence in elevation between nearby stations are small, 
their records can be considered to be equivalent and 
combined into one longer record. For this study, 
records from 7 pairs of stations were combined because 
these paired stations were less than 10 miles apart and 
less than 150 feet different in elevation. In addition, 
annual maxima from paired stations that were up to 20 
miles apart and had elevation differences up to 320 feet 
were compared using the two-sided rank-sum test, and 
data from station pairs that did not have significantly 
different median values of precipitation maxima also 
were combined. Because the tested median values 
commonly were from different periods of record that 
might be expected to have different means simply 
because of the record difference, the significance level

of the rank-sum test was set to 0.25. This relatively 
large value of significance level helped to minimize the 
possibility that the null hypothesis (medians are equal 
and station records can be combined) would incorrectly 
be accepted. Seven stations had their records extended 
as a result of the rank-sum comparison with nearby sta 
tions. Table 2 shows stations for which records of 
annual maxima were extended by the addition of data 
from nearby stations.

At one station (247159) shown in table 2, one 
large recorded annual storm depth from a nearby short- 
term station was added to the record even though the 
stations had substantially different elevations and mean 
values of precipitation maxima. The recorded value, 
known to be from a large general storm that caused sig 
nificant flooding in a large area of west-central Mon 
tana, was from a station that did not have the required 
record length for inclusion in the study. The recorded 
value was added to the record at a station with a higher 
elevation that was not in operation during the large 
storm to ensure that the large storm would be consid 
ered. Because the higher-elevation station (247159) 
probably would have recorded a storm depth at 
least as large as the value recorded at the nearby lower- 
elevation station, the addition of the single large value 
was not considered to have unduly biased the record at 
station 247159.

Table 2. Precipitation stations for which records were extended by 
addition of data from nearby stations, Montana

Station 
(plate 1)

240199
241500
243996
244983
245337
245735
246302
246472
246691
247159
247267
247501
248233
248313
248866

Original record 
length 
(years)

10
13
31
29
64
26
73
36
23
28
12
31
35

2
10

Extended 
record length 

(years)

85
42
93
92
86
90
91
87
42
29
39
49
44
26
68

t-test used to 
determine if 

records could 
be combined?

Yes
Yes
Yes
No
Yes
Yes
Yes
No
No
No
No
Yes
No
No
No

Regional analysis of annual precipitation maxima in Montana



Tests for Serial Correlation and Stationarity of 
Annual Precipitation Maxima

The methods of regionalization of annual precip 
itation maxima in this study are based on the assump 
tion that the recorded values of annual maxima are 
independent and random events that have no significant 
serial correlation or trends over time (non-stationarity). 
To determine whether the annual data were serially cor 
related, the lag-one (serial) correlation coefficient was 
computed for the annual precipitation maxima for each 
duration at each station. For each duration, the mean 
value of serial correlation coefficient was computed 
and tested for significance against the null hypothesis 
that the mean value is zero. As shown in table 3, the 
mean values of serial correlation coefficient for 2-, 6-, 
and 24-hour duration annual maxima were all close to 
zero. The p-values for attained level of significance 
were substantially greater than 0.05 for all durations, 
clearly indicating that the null hypothesis could not be 
rejected. On this basis, the annual precipitation max 
ima were considered to have no significant serial corre 
lation.

Table 3. Mean value of serial correlation coefficient and 
attained significance level for annual precipitation maxima in 
Montana

Duration, in hours
Mean value of serial 

correlation 
coefficient

p-value

2
6

24

0.0003
-.0179
-.0051

0.99
.25 
.56

To determine whether recorded annual precipita 
tion maxima were stationary over the general period of 
data collection (1900-92), stations having the longest 
periods of record for each duration were selected for 
testing. For 2-hour and 6-hour duration data respec 
tively. 55 stations and 64 stations that had periods of 
record greater than 40 years were selected. For the sub 
stantially larger 24-hour-duration data base, 54 stations 
that had more than 75 years of record were selected. 
For each duration, each recorded annual precipitation 
maximum at each test station was divided by the mean 
value for the period of record, and the resultant dimen- 
sionless values of precipitation maxima at each station 
were regressed against the year of occurrence minus 
1900. Thus, for the 2- , 6- , and 24-hour durations 
respectively, 55, 64, and 54 separate regressions were 
made. The slope of each regression line, if determined 
to be significantly different from zero, indicates the 
magnitude of trend in annual precipitation maxima

over time at each station. Table 4 presents the results 
of the regressions for each duration and provides an 
overall indication of the Stationarity of the annual pre 
cipitation maxima.

Table 4. Results of regression analyses for trend in annual 
precipitation maxima over time for selected stations in 
Montana

Number of
Number of Avera9e s'°Pe of regressions 

Duration, regressions egression line, in where p-level of 
in hours (number of P^cent of mean s.gmf.cance of 

stations) value of annual rearess.on 
maxima slope was less 

than 0.05

2
6

24

55
64
54

0.00075
.00253
.00277

2
3
8

As shown in table 4, the average slope of the 
regression lines for each duration is close to zero, rang 
ing from 0.00075 percent of the long-term mean value 
for 2-hour duration annual maxima to 0.00277 percent 
of the long-term mean value for 24-hour duration 
annual maxima. For both the 2-hour and 6-hour dura 
tion data, less than 5 percent of the regressions had 
slopes that were significantly different from zero, indi 
cating that, overall, trends in annual maxima are not 
significant. For the 24-hour duration annual maxima, 
almost 15 percent of the regressions had slopes signifi 
cantly different from zero, indicating that, overall, the 
trend might be different from zero. However, for the 
eight regressions for 24-hour annual maxima that had 
slopes significantly different from zero, four had posi 
tive slopes and four had negative slopes. Thus, while a 
trend may be more somewhat more likely for 24-hour 
duration data, no clear indication of the direction of 
trend is apparent. For purposes of this study, it was 
concluded that trends in annual precipitation maxima 
over the general period of data collection (1900-92) 
were not significant for any of the durations and that 
annual maxima thus could be considered to be station 
ary.

Interstation Correlation

To determine the degree of spatial independence 
of the database, the interstation correlation coefficient 
was calculated for the concurrent recorded annual max 
ima for every station pair for each duration. Based on 
the calculations, 6,409 values of interstation correla 
tion coefficient, which have a mean of 0.037, were cal 
culated for the 2-hour duration. For the 6-hour
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duration, 6,625 values of interstation correlation coef 
ficient, which have a mean of 0.057, were calculated. 
For the 24-hour duration, 91,189 values, which have a 
mean of 0.074, were calculated. For all durations, the 
mean values, although small, were significantly differ 
ent from zero (p-values all equal to 1.00). The distri 
butions of the interstation correlation coefficients for 
each duration are displayed as box plots in figure 3. The 
results in figure 3 indicate that the interstation correla 
tion is least for 2-hour duration annual maxima and

greatest for 24-hour duration annual maxima. Given 
that longer duration storms (24-hours) tend to be large- 
scale, general storms that cover larger areas than the 
smaller-scale, convective storms with shorter durations 
(2- and 6-hours), the somewhat larger values of inter 
station correlation for longer durations appear to be 
reasonable.

To determine whether the interstation correlation 
coefficient is related to distance between sites, scatter- 
plots of paired values of interstation correlation coeffi-
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Figure 3. Distribution of interstation correlation coefficients by duration for annual precipitation maxima, Montana 
and northern Wyoming.
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cient and distance were made for each duration, and 
LOWESS smooth lines (Helsel and Hirsch, 1992, p. 
288-291) fit to the paired data. A LOWESS line, like a 
regression line, indicates a relation between two vari 
ables. Unlike a regression line, however, a LOWESS 
line does not require a linear relation. A scatterplot of 
a small sample of the paired values for the 24-hour 
duration and the LOWESS line relating interstation 
correlation coefficient to interstation distance is shown 
on figure 4. The LOWESS lines for the 2-, 6-, and 24- 
hour durations are compared on figure 5. As shown on 
figure 4-, the LOWESS line for 24-hour duration data 
does indicate a tendency for interstation correlation to 
increase with decreasing interstation distance, but, 
based on the large amount of scatter in the data, the 
relation is poor. Evidently, many other factors in addi 
tion to interstation distance affect the degree of inter 
station correlation and, hence, the spatial independence 
of annual precipitation maxima. The comparison of 
LOWESS lines for the three durations shown in figure 
5 indicates that the relation between interstation corre 
lation and distance is similar for each duration and that

the spatial independence of annual precipitation max 
ima generally increases with decreasing duration. 
Overall, it is concluded that annual precipitation max 
ima are not completely spatially independent and that 
the degree of dependence is related to storm duration 
and distance between stations. Although the degree of 
spatial dependence is small and considered to have no 
significant effects on the methods of regionalization 
used in this study (Hosking and Wallis, 1988), it does 
indicate that the amount of regional information avail 
able may be less than that indicated by the total number 
of station-years of record. The effect of spatial depen 
dence on equivalent record length within regions will 
be discussed later in the report.

REGIONAL ANALYSIS APPROACH

The regional analysis approach is based on the 
concept that at-site data can be pooled within regions 
that are "homogeneous." In this context, homogeneous 
is taken to mean that probability distributions and their
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Figure 4. Relation between interstation correlation coefficient and distance between sites for 24-hour duration annual 
precipitation maxima, Montana and northern Wyoming.
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resultant frequency curves for at-site data are identical, 
except for a site-specific scaling factor, at all sites in a 
region. The at-site mean value commonly is used as 
the scaling factor in regional analyses. Key elements in 
a regional analysis include: (1) determination of 
homogeneous regions, (2) determination of regional 
frequency curves, and (3) a method for estimation of 
the at-site mean (scaling factor) at any location in a 
region. The use of L-moment statistics aids in comple 
tion of the first two elements. The following sections 
include brief discussions of the theories of regional fre 
quency curves and L-moments and the application of 
the key elements of a regional analysis to the current 
study in Montana.

Theory of Regional Frequency Curves

In flood-frequency analysis, the use of dimension- 
less frequency curves within homogeneous regions is 
well documented (Dalrymple, 1960; Wallis, 1989). In 
recent years, dimensionless frequency curves have 
increasingly been used in analyses of precipitation 
maxima (Alila and others, 1992; Hosking and Wallis, 
1993; Schaefer, 1990; Vogel and Lin, 1992). The mean 
value of the at-site annual floods or storm depths was 
used as the scaling factor in each of these studies.

In general, for an analysis of storm depths, the 
quantiles Q of non-exceedance probability F at any

site i in a region (Hosking and Wallis, 1993) can be 
expressed as:

Q.(F) = (1)

where 
Qi(F] is the quantile of non-exceedance 

probability F at site /, 
\LI is the mean value of storm depth

at site i, and 
q(F) is the regional quantile of non-exceedance

probability F.
The regional quantiles q(F), 0 < F < 1, form a 
"regional growth curve" that is common to all sites in 
the region.

Determination of the regional quantiles, q(F), in 
equation (1) is dependent upon the type of probability 
distribution that fits the regional data. For example, 
the relation between the quantile function and the 3- 
parameter Generalized Extreme Value (GEV) proba 
bility distribution (Hosking, 1990) is as follows:

q(F) = (2)

where
£,, a, and k are the parameters of the GEV distribu 

tion, and
log F is the natural logarithm of non-exceedance 

probability.
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Hosking (1990) provides equations for estimating the 
parameters of various probability distributions from 
the Z-moments and Z-moment ratios of the data. For 
regional data, Z-moments and Z-moment ratios for 
each site are weighted by record length and averaged 
in order to calculate parameters of the regional proba 
bility distribution. Herein, the term average as applied 
to Z-moments or Z-moment ratios means a record- 
length weighted average.

Regional growth curves are analogous to dimen- 
sionless regional frequency curves, except that fre 
quency curves typically are expressed in terms of 
recurrence intervals rather than non-exceedance proba 
bilities. For annual maxima, recurrence interval, in 
years, can be simply determined as the reciprocal of 1 
minus the non-exceedance probability. In addition, fre 
quency curves typically are plotted on special forms of 
probability plotting paper that tend to linearize the 
curves.

To plot the regional growth curves as regional 
dimensionless frequency curves, the non-exceedance 
probabilities are first converted to Gumbel reduced 
variates by using the following equation (Hosking and 
Wallis, 1993):

GR V = -log (-logF) (3)

where

GRV is the Gumbel reduced variate corresponding 
to non-exceedance probability F.

Plotting regional quantiles on the ordinate (Y 
axis) and uniformly spaced values of GRV on the 
abscissa (X axis) has the same linearizing effect as plot 
ting the regional growth curve on extreme-value plot 
ting paper. The plots of regional quantiles versus GRV 
take the form of regional frequency curves when, after 
plotting, GRV are converted to recurrence intervals, 
commonly expressed as T-year, using the following 
equation:

T vear =
1

[1 .(-e) GRV
(4)

Estimation of the dimensionless storm depth hav 
ing a T-year recurrence interval at any site within a 
homogeneous region can then be obtained from the 
regional frequency curve. Multiplication of the dimen 
sionless storm depth by the at-site mean yields the T- 
year at-site storm depth.

Theory of Regional /.-moments

Z-moments, like conventional moments, are used 
to summarize theoretical probability distributions and

observed samples. Z-moments, however, are computed 
as linear combinations of the ranked observations and 
do not require that the observations be squared and 
cubed as do conventional moments (Stedinger and oth 
ers, 1992). As a result, Z-moments are more robust 
and unbiased than conventional moments and provide 
more reliable estimates of the parameters of probability 
distributions than do conventional moments. This is 
particularly important for precipitation data which are 
characterized by large values of skewness and kurtosis.

The first Z-moment estimator, //, is the mean, 
which can be expressed in terms of expected value as 
(Stedinger and others, 1993):

(5)

where E(X) is the expected value of some variable X.

) is the /th-largest observation in a sample 
of size n (i = 1 corresponds to largest), then the second 
Z-moment is based on the expected difference between 
two randomly selected observations (Stedinger and 
others, 1993):

1
(6)

Similarly, the third and fourth Z-moments are 
defined as follows (Stedinger and others, 1993):

and, (7)

Three Z-moment ratios that are needed to describe 
probability distributions and apply various statistical 
tests are defined in terms of the first four Z-moments as 
follows:

t2 = /2/// = Z-coefficient of variation (Z-CV), 

t3 = /y/2 = Z-skewness (Z-Skew), and 

t4 = I4i\2 = Z-kurtosis (Z-Kurtosis).

These Z-moments and Z-moment ratios are anala- 
gous to their counterparts defined for conventional 
moments. Hosking and Wallis (1993) describe three 
statistical tests based on Z-moments that are used to 
help identify homogeneous regions and the appropriate 
probability distributions for use in those regions. 
These tests are briefly described in the following sec 
tions.
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Discordancy Test Goodness-of-f it Test

The discordancy test is used to identify sites that 
are grossly discordant from the group as a whole. The 
discordancy measure is based on the /.-moments of the 
sample data and is defined as

u.  u u.  uI (9)

where
Dj is the discordancy measure for site /',
TV is the number of sites in the group,
Uj is the vector of L-CV, L-Skew, and L-Kurtosis for

site /,
u is the mean of vector u/, 
S is the sample covariance matrix of u/.

A site is considered to be discordant if Dt is 
greater than 3. Hosking and Wallis (1993) provide the 
background and theory for the test, which is used to 
identify sites that may not be consistent with other sites 
in a group and may need to be moved to another group.

Heterogeneity Test

The heterogeneity test described by Hosking and 
Wallis (1993) is used to estimate the degree of hetero 
geneity in a group of sites and to assess whether they 
might reasonably be considered to compose a homoge 
neous region. Specifically, the heterogeneity measure, 
H, compares the between-site variations in sample L- 
moments for the group with the variations that would 
be expected for a homogeneous region. The heteroge 
neity measure is defined as

H = (10)

where
V is the standard deviation, weighted by record 

length, of L-CV for sites in the group,
m^ sv are the mean and standard deviation of a 

large number of Monte Carlo simulations of 
V.

A group of sites generally is considered to be 
homogeneous if H < 2. The Monte Carlo simulations, 
usually 500 in number, are performed using a 4- 
parameter Kappa distribution applied to a hypothetical 
homogeneous region where the sites have record 
lengths and average Z-moments the same as those of 
the group being tested (Hosking and Wallis, 1993).

The goodness-of-fit test is used to determine 
whether a particular probability distribution fits the 
regional data acceptably close. Five 3-parameter dis 
tributions generally are evaluated: Generalized 
Extreme Value (GEV), Generalized Logistic (GLO), 
Generalized Normal (GN), Pearson Type III (PEAR), 
and Generalized Pareto (GP). The Wakeby distribu 
tion, a 5-parameter distribution, is also evaluated for 
use if no 3-parameter distribution is considered to be 
acceptable. The goodness-of-fit test is defined as

ZDIST -
fDIST
'4 J (H)

where
DIST is the goodness-of-fit measure for some dis 

tribution, DIST,
t4 is the mean L-Kurtosis, corrected for bias, 

(Hosking and Wallis, 1993) for a group of 
sites,

/""l/CT*

t4 is the mean L-Kurtosis of the fitted distribu 
tion, DIST,

s4 is the standard deviation of L-Kurtosis based 
on 500 simulations previously described.

In general, a distribution is considered to have a 
good fit if \ZDtST\ < 1.64. As noted by Hosking and 
Wallis (1993), this criterion is somewhat arbitrary and 
may be unreliable if relatively high serial or intersta- 
tion correlation is present in the data.

Determination of Homogeneous Regions

Determination of acceptable homogeneous 
regions commonly requires several attempts. The first 
attempts for the current study were based on a unique, 
"super-region" approach used in Washington. The 
final delineation of homogeneous regions for Montana 
generally was based on physiography and climate.

Super-Region Approach

In Washington State, Schaefer (1990) found that 
sites could be grouped into homogeneous regions for 
the analysis of annual precipitation maxima if they had 
similar values of mean annual precipitation. Thirteen 
regions within which the at-station mean annual pre 
cipitation varied over a narrow range were thus deter 
mined to be homogeneous in Washington (M.G. 
Schaefer, written commun., 1994). Further, Schaefer
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found that the statistical parameters used to define the 
regional probability distributions varied systematically 
across the State in the same manner as mean annual 
precipitation varied across the State. Functional rela 
tions between mean annual precipitation and parame 
ters of the Kappa probability distribution were 
developed so that the entire State could be treated as a 
homogeneous "super-region" within which a single 
probability distribution was applicable. On this basis, 
Schaefer was able to avoid the problem of abrupt geo 
graphical boundaries between homogeneous regions 
and the difficulties in estimation that often result near 
such boundaries.

As a result of Schaefer's work in Washington, the 
first attempt at definition of homogeneous regions for 
the analysis of annual precipitation maxima in Mon 
tana was based on the grouping of sites having similar 
values of mean annual precipitation. The 24-hour 
duration data were used in all attempts to determine 
homogeneous regions in Montana because of the much 
greater number of sites and better spatial coverage, par 
ticularly in mountain areas, of the 24-hour data. Thus, 
6 groups having the following ranges in value of mean 
annual precipitation were tested for heterogeneity: (1) 
less than 12 inches, (2) between 12 and 15 inches, (3) 
between 15 and 20 inches, (4) between 20 and 25 
inches, (5) between 25 and 30 inches, and (6) greater 
than 30 inches. The results of the heterogeneity tests 
indicated that none of the 6 groups could be consid 
ered homogeneous (H < 2). Moreover, the average 
I-moment ratios (I-CV, L-Skew, and I-Kurtosis) for 
the six groups did not systematically vary with mean 
annual precipitation as they did in Washington. Deter 
mination of a homogeneous super-region based on 
mean annual precipitation thus was considered not to 
be feasible for Montana.

Site elevation was also tried as a super-region 
grouping variable in the same fashion as was mean 
annual precipitation. Thus, five groups whose sites had 
elevations within ranges of 1,000 feet were tested for 
heterogeneity. Only one of the five groups was found 
to be homogeneous (H < 2). Heterogeneity test values 
for the other four groups ranged from 2.56 to 7.35. In 
addition, the L-moment ratios did not vary systemati 
cally with site elevation. Determination of a homoge 
neous super-region on the basis of site elevation also 
was considered not to be feasible for Montana.

Physiographic and Climatic Approach

In previous flood-frequency studies in Montana 
(Omang, 1992; Omang and others, 1986), physiogra 
phy and climate were used in a general way to delineate

eight regions within which flood-frequency character 
istics were considered to be similar. For the current 
study, the same eight regions were tested for heteroge 
neity of 24-hour annual precipitation maxima. Three 
regions were found to be homogeneous (H < 2). Het 
erogeneity test values for the other five regions ranged 
from 2.63 to 4.54. Various combinations and modifica 
tions of the eight regions, including the removal of sites 
having large discordancy values, were also tested for 
heterogeneity. In some instances, the test result for het 
erogeneity improved as a result of the modifications; in 
other instances, the heterogeneity-test result worsened. 
Overall, the use of the same or modified regions for the 
analysis of annual precipitation maxima as for the 
analysis of flood frequency was considered not to be 
feasible.

In an unpublished report on flood frequency (RE. 
Fames, formerly with Natural Resources Conservation 
Service, written commun., 1994), Fames used physiog 
raphy and climate to delineate three regions for which 
large storm characteristics appeared to be generally 
distinct. These three regions, with minor modifications 
(pi. 1, at the back of the report), were tested and found 
to be acceptably homogeneous for purposes of this 
study. Region 1 is a largely mountainous area in west 
ern Montana where large, general storms commonly 
receive their moisture from the Pacific Ocean and gen 
erally move in an easterly direction. Most large storms 
in this region occur in the spring (April-June), but occa 
sionally occur during fall and winter. Region 2 gener 
ally consists of a relatively narrow band of mountains 
running largely north-south along the eastern edge of 
the Rocky Mountains and includes two isolated small 
mountainous areas east of the contiguous band. Moist 
airmasses that cause large, general storms in this region 
often arise in the Gulf of Mexico during May and June 
and produce large amounts of precipitation from oro- 
graphic effects when they collide with cold air masses 
over the mountains. Fall and winter storms that origi 
nate from Pacific moisture occur less frequently in 
Region 2 than in Region 1. Region 3 is composed of 
the plains areas of eastern Montana. Large storms in 
this region may receive moisture from either Pacific or 
Gulf sources. Large winter storms rarely occur in 
Region 3. Orographic effects are not a factor in storm 
generation in this region, but summer convective 
storms may be more intense than in the other two 
regions because of generally higher daytime tempera 
tures.

Results of the initial heterogeneity tests for these 
three regions are shown in table 5 and indicate that for 
the 24-hour duration none of the regions was homoge 
neous. Although these results are seemingly no better
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Table 5. Results of heterogeneity tests and regional average L-moment ratios for 24-hour 
duration annual precipitation maxima in Montana

Region

1
2 
3

Number of sites

149 
89 

221

H value

3.58 
3.14 
2.46

L-CV

0.187 
.220
.228

/.-Skew

0.200 
.250 
.220

L-Kurtosis

.154 

.189 

.159

Table 6. Results of heterogeneity tests and regional average /.-moment ratios for 2-hour 
duration annual precipitation maxima in Montana

Region

1
2 
3

Number of sites

44 
24 
51

H value

0.13
1.72 
.56

L-CV

0.212 
.232 
.260

/.-Skew

0.276 
.288 
.272

L-Kurtosis

0.224 
.226 
.189

Table 7. Results of heterogeneity tests and regional average /.-moment ratios for 6-hour 
duration annual precipitation maxima in Montana

Region

1
2 
3

Number of sites

46
24 
52

H value

-1.23 
2.15 

.90

L-CV

0.189 
.207 
.232

L-Skew

0.246
.225 
.242

L-Kurtosis

0.208 
.184 
.187

than results previously described for other trial regional 
groupings, the maximum heterogeneity test value (H = 
3.58) was smaller than that for the other groupings. In 
addition, Regions 1, 2, and 3 each contained more than 
75 sites. Previous trial regions that had 75 or more sites 
also were all determined to be heterogeneous. As 
noted by Hosking and Wallis (1993, p. 276), the test 
value for heterogeneity tends to be correct for large 
sample size, but may falsely indicate homogeneity for 
small sample size. On that basis, findings of homoge 
neity for previous trial regions, all of which had sample 
sizes smaller than 75, may not be correct.

An additional reason for the relatively large heter 
ogeneity test values for 24-hour duration data is that 
many of the relatively short-record SNOTEL sites were 
found to be discordant. When the discordant sites were 
removed from the database and the heterogeneity tests 
re-run, H values for Regions 1 and 2 were reduced to 
2.84 and 1.80, respectively. Nevertheless, because it 
could not be determined whether the discordancy of the 
SNOTEL sites was due to their unique, high-elevation, 
mountainous locations or their relatively short record 
lengths, it was considered more important to retain 
those sites in the database for their uniqueness than to 
improve regional homogeneity by excluding them. 
Most importantly, whether the sites were retained or 
excluded, the regional average L-CV, L-Skew, and L- 
Kurtosis were not significantly different, so the overall 
effect of the discordant SNOTEL sites on the regional 
frequency curves was considered to be slight.

In general, Regions 1,2, and 3 were considered to 
be more nearly homogeneous for the 24-hour duration 
than previous trial regions because the heterogeneity 
test values for Regions 1, 2, and 3 did not have such 
wide variation from region to region as those for the 
other trial regions. Regions 1, 2, and 3 also were con 
sidered to have a stronger physical basis for homogene 
ity based on such factors as precipitation source and 
storm direction, seasonality of storms, and orographic 
effects on storms than did other trial regions. Regions 
1, 2, and 3 were divided into smaller regions based on 
elevation and tested for homogeneity in an attempt to 
more fully account for orographic effects, but test 
results did not improve. Overall, given the more con 
sistent regional variation in //values, the effects of the 
unique SNOTEL sites, and the better physical basis for 
homogeneity, Regions 1,2, and 3 were considered to be 
acceptably close to homogeneous regions for the 24- 
hour duration for purposes of this study and were fur 
ther tested for homogeneity for the 2-hour and 6-hour 
durations.

Tables 6 and 7 summarize the heterogeneity test 
results for the selected three regions for 2- and 6-hour 
duration data and indicate that H values for the 2- and 
6-hour data for all regions were substantially smaller 
than for the 24-hour duration. For the 2- and 6-hour 
duration data, all regions were found to be homoge 
neous on the basis of//values, except for Region 2 for 
the 6-hour duration.
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BEHAVIOR OF REGIONAL L-MOMENT STATISTICS

To determine whether the regional average L- 
moment ratios varied consistently with duration for 
each of the three regions, plots of L-CV, L-Skew, and L- 
Kurtosis versus duration were made for each region 
(fig. 6-8). As shown on figures 6-8, L-moment ratios 
decreased with increasing duration except for Region 
2, where L-moment ratios for the 6-hour duration data 
were smaller than for the 2-hour and 24-hour data. 
Preliminary analyses of regional frequency curves 
developed from the unadjusted L-moment ratios indi 
cated that the shape of the 6-hour curve for Region 2 
was inconsistent with the shape of all other regional 
curves. Much of this inconsistency could be traced to 
the magnitude of L-CV and L-Skew for 6-hour dura 
tion data in Region 2. Because the trend for decreasing 
L-moment ratios with increasing duration was clear for 
both Regions 1 and 3 and because the heterogeneity 
tests indicated that Region 2 was the most heteroge 
neous of the three regions for 6-hour duration data, the 
small L-moment ratios for 6-hour duration data in 
Region 2 were considered to be anomalous. To deter 
mine whether adjustments to the L-moment ratios for 
6-hour duration data in Region 2 might reasonably 
be made, the upper limit of the 90-percent confi 
dence interval for the regional average value of each 
L-moment ratio was calculated based on the standard 
deviation and number of at-site values (Helsel and

Hirsch, 1992). As shown on figures 6-8, the regional 
average values for L-CV, L-Skew, and L-Kurtosis for 6- 
hour data in Region 2 could each be adjusted upward 
far enough to result in a smoothly decreasing curve 
without exceeding the value for the upper limit of the 
90-percent confidence interval. On that basis, the 
adjustments to the L-moment ratios for Region 2 were 
considered to be reasonable and necessary in order to 
provide consistent relations between regional average 
L-moment ratios and storm durations and to provide 
consistency among regional frequency curves. The 
adjusted regional average values of L-CV, L-Skew, and 
L-Kurtosis for 6-hour data in Region 2 are shown in 
table 8. A review of table 8 shows the magnitudes of 
the adjustment to be relatively small.

Determination of Regional Frequency Curves

The regional average L-moment ratios were used 
to calculate parameters of five probability distributions 
(Hosking and Wallis, 1993), and the goodness-of-fit 
test was used as previously described to determine 
whether the distributions fit the regional data accept 
ably close. Goodness-of-fit tests were used for all dura 
tions and regions except for 6-hour duration data in 
Region 2 where L-moment ratios had been adjusted as 
previously described. For most regions and durations, 
more than one distribution met the goodness-of-fit
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Figure 6. Relation between /_-CV and duration of precipitation in each region and adjustment to regional average value of L-CV 
for 6-hour duration annual precipitation maxima in Region 2, Montana.
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Table 8. Regional average /.-moment ratios for 6-hour 
data in Region 2, Montana

Unadjusted 
Adjusted 
Percent 

change

L-CV

0.207 
0.221 

+6.8

L-Skew

0.225 
0.260 

+ 15.6

L-Kurtosis

0.184 
0.210 

+7.1

criterion. The probability distribution that most often 
satisfied the goodness-of-fit test was the GEV. To 
ensure consistency among durations and regions, the 
GEV was selected as the appropriate distribution for 
use in all regions for all durations. For the 6-hour 
duration data in Region 2, the adjusted values of L-CV 
and I-Skew were used to calculate parameters of the 
GEV distribution. Table 9 shows the parameters of the 
GEV distribution for each region and duration.

L-moment ratio diagrams were prepared for each 
duration and region to provide a visual indication of 
how well the GEV distribution fit the regional data 
(figs. 9-11). In each figure, paired values of at-site 
L-Skew and L-Kurtosis were plotted together with the 
regional average paired value and lines represent 
ing the theoretical relation between L-Skew and L- 
Kurtosis for three probability distributions. A distribu 
tion is considered to have an acceptable fit to the 
regional data if the theoretical relation between Z-Skew 
and L-Kurtosis is acceptably close to the regional aver 
age value. The three selected probability distributions, 
GEV, GLO, and GNO, were those most frequently 
found to satisfy the goodness-of-fit test. As indicated 
by figures 9-11, the regional average paired value of L- 
Skew and L-Kurtosis was relatively close to the line for 
the GEV distribution for all durations and regions.

While there is substantial scatter of L-moment 
data pairs in figures 9-11, this degree of scatter is 
entirely consistent with the variability expected from 
sample statistics. This same type of scatter was 
observed when computer simulations were used to gen 
erate data sets from known distributions with known

population parameters (Hosking, 1990). The important 
feature in figures 9-11 is the relation between the 
regional mean and the GEV distribution line.

The values of the GEV parameters shown in table 
9 were used in equation 2 to calculate regional quan- 
tiles for various non-exceedance probabilities up to 
0.9998. Regional frequency curves were developed by 
plotting the calculated quantiles (Y axis) against 
selected results from equations 3 and 4 (X axis) and are 
shown on figures 12-14 grouped by region and on fig 
ures 15-17 grouped by duration. For example, using 
the GEV parameters in table 9 for 2-hour duration in 
Region 1 and solving equation 2 for a non-exceedance 
probability of 0.99 yields the following:

q(F) =£, + a({l-(-logF)k }/k)
?(0.99) = 0.803 + 0.258 ({l-(-log 0.99)-°' 159 }/-0.159) 

= 0.803 + 0.258 (1-(0.010)-OJ59)/-0.159) 
= 0.803 + 0.258 (1-2.080)7-0.159 
= 0.803 + 0.258 (-1.080)/(-0.159) 
= 0.803 + 0.258 (6.792)

2(0.99) = 2.55

The recurrence interval for a non-exceedance proba 
bility of 0.99 is 1/(1 - 0.99), or 100 years.

To make the frequency curve more linear, non- 
exceedance probability is converted to GRV using 
equation 3 as follows:

GRV = -log (-log F)
= -log (-log 0.99)
=-log (0.010)
= 4.60

Thus, the quantile value, which corresponds to a 
dimensionless storm depth, is plotted 2.55 units from 
the origin on the Y-axis and 4.60 units, corresponding 
to a recurrence interval of 100 years, from the origin on 
the X-axis (figs. 12 and 15). After plotting the com 
plete frequency curve, the X-axis labels are expressed 
in terms of recurrence intervals rather than GRV

Table 9. Parameters for Generalized Extreme Value (GEV) distribution applied to 2- 6-, and 24-hour duration 
storm depths in Montana

[£, a, and k are parameters for the GEV distribution]

Duration, in hours

REGION

$

1 0.803
2 .783
3 .765

2

a

0.258
.276
.314

k

-0.159
-.176
-.150

$

0.830
.79
.791

6

a

0.242
.275
.300

k

-0.114
-.135
-.109

$

0.839
.801
.799

24

a

0.258
.280
.304

k

-0.047
-.120
-.076

REGIONAL ANALYSIS APPROACH 17



0.8

0.6

co 0.4
CO
O

0.2

-0.2,-0.2 0.2 0.4

L-SKEW 

A. 2-HR DURATION

0.6 0.8

0.8

0.6

co 0.4
COe
DC

*
-J 0.2

-0.2o
0.2 0.4 0.6

L-SKEW 

B. 6-HR DURATION

0.8

0.8

0.6

co 0.4 
co
g
DC

*
-J 0.2

-0.2.
-0.2 0 0.2 0.4 0.6 0.8 

L-SKEW

C. 24-HR DURATION

EXPLANATION

GENERALIZED EXTREME VALUE (GEV) 
DISTRIBUTION

GENERALIZED LOGISTIC (GLO) 
DISTRIBUTION

    GENERALIZED NORMAL (GN) 
DISTRIBUTION

+ AT-SITE DATA

  REGIONAL MEAN VALUE

Figure 9. /.-moment ratios for annual precipitation maxima in Region 1, Montana.
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For recurrence intervals greater than about 10 
years, figures 12-14 indicate that the regional dimen- 
sionless frequency curves for 2-hour durations are 
steeper than those for either 6-hour or 24-hour dura 
tions in all regions. Similarly, for recurrence intervals 
greater than about 50 years, the regional dimensionless 
frequency curves for 6-hour durations are steeper than 
those for 24-hour durations. Steeper curves for shorter 
durations is a natural consequence of the behavior of 
the regional /--moments, which tend to decrease with 
increasing duration. In particular, the relatively larger 
/--moments and the steeper regional curves for 2-hour 
durations are likely due to the greater effect of thunder 
storms, which tend to be more severe and localized 
than long-duration general storms.

The reader needs to keep in mind that steeper 
dimensionless frequency curves for shorter durations 
do not mean that calculated at-site storm depths are 
greater for the shorter durations. A value of dimen 
sionless depth obtained from a dimensionless fre 
quency curve needs to be multiplied by an at-site mean 
value of storm depth to obtain an at-site storm depth for 
some specified return period. At-site mean depth 
increases with increasing duration, so a calculated 
storm depth for any recurrence interval will also 
increase, although at a lesser rate than the mean, with 
increasing duration.

Figures 15 and 16 indicate that the dimensionless 
frequency curves for 2- and 6-hour durations are simi 
lar for Regions 2 and 3 and are steeper than those for 
Region 1. Figure 17 shows that the dimensionless fre 
quency curves for the 24-hour duration are distinctly 
different for all regions with Region 2 having the larg 
est dimensionless regional quantiles and Region 1 hav 
ing the smallest. Although Regions 1 and 2 generally 
are both mountainous, their dimensionless frequency 
curves are substantially different for all durations. The 
substantial differences between dimensionless 24-hour 
duration curves in Regions 1 and 2 are presumed to be 
largely the result of large, general storms from the Gulf 
of Mexico that commonly affect the eastern portions of 
the Rocky Mountains in Montana but only rarely the 
western portions. Although the plains area of eastern 
Montana (Region 3) is also affected by storms arising 
in the Gulf, the lack of mountains and their orographic 
effect apparently results in generally less severe 24- 
hour duration storms than in the more mountainous 
Region 2. The similarity between frequency curves for 
2- and 6-hour duration data in Regions 2 and 3 indi 
cates that orographic differences between Regions 2 
and 3 do not affect short-duration storms as much as 
they do long-duration, general storms.

Determination of Effective Regional Record 
Length

Frequency curves developed from at-site data 
commonly are used to estimate the magnitude of rare 
events for which the recurrence intervals are greater 
than the periods of at-site record. The greater the 
extrapolation beyond the period of record, the less reli 
able is the frequency-curve estimate. As reported by 
Schaefer (1990), a common rule of thumb in conven 
tional at-site frequency analysis is to not exceed about 
twice the record length when making an estimate of a 
T-year event. For example, if a frequency curve is 
based on 50 years of at-site record, the rule of thumb 
indicates that the curve not be used to estimate events 
having greater than a 100-year recurrence interval.

For a regional analysis wherein all at-site data are 
combined, an analagous rule of thumb might be to not 
exceed twice the total station-years of record for all sta 
tions used in the analysis. Because of interstation cor 
relation among sites, however, the equivalent regional 
record length is less than the total station-years of 
record. In order to estimate a reasonable equivalent 
regional record length for purposes of evaluating the 
reliability of regional frequency curves, a graphical 
method developed by Schaefer (1990) was used. 
Within each region, annual maxima for each duration 
were divided by the at-site mean and ranked from larg 
est to smallest. The resultant dimensionless maxima 
that had common dates of occurrence were compared, 
and only the largest value was retained in the ranked 
data set. Counting each storm only one time for each 
duration within a region was an attempt to eliminate the 
small degree of interstation correlation and thus ensure 
that the ranked data would be independent.

After elimination of all storms but one having 
common dates of occurrence, the recurrence intervals 
of the 40 largest remaining dimensionless maxima for 
each duration in each region were determined from the 
appropriate regional frequency curve. Each calculated 
recurrence interval was plotted against the rank of each 
maxima. Thus, the largest recurrence interval was plot 
ted against a rank of 1; the second largest recurrence 
interval was plotted against a rank of 2; and the small 
est recurrence interval was plotted against a rank of 40. 
The resultant plots of rank versus recurrence interval 
for the recorded data were compared to smooth curves 
that relate rank to recurrence interval for theoretical, 
independent data sampled from a probability distribu 
tion that can be described by the following plotting 
position formula:
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T- -year = 1
( E-o.4
(N+0.2

(12)

where T'-year is the recurrence interval for each 
ranked data value, / is the rank of the data from largest, 
1, to smallest, N, and N is the number of years in the 
data set.

This plotting position formula has been shown to 
be generally unbiased and applicable for plotting data 
from 3-parameter probability distributions such as the 
GEV (Cunnane, 1978). Comparisons between the 
plots of recurrence interval versus rank for the 40 larg 
est recorded maxima for each duration and curves from 
equation 12 for 500; 1,000; 2,000; and 5,000 years are 
shown by region in figure 18.

As indicated by figure 18 the plots of recurrence 
interval computed from the GEV distribution versus 
rank generally lie parallel to and between the curves 
for the theoretical data sets of various sizes. The 
approximate sample size (effective regional record 
length) for each plot can be visually interpolated from 
its location relative to the smooth curves. On that basis, 
the effective regional record lengths were determined 
for each duration within each region and are compared 
to the total station-years of record in table 10. 
Although the visual interpolations are somewhat arbi 
trary and approximate, the results shown in table 10 
indicate that the method for estimating effective 
regional record length is reasonable. For example, 
table 10 shows that the effective regional record 
lengths for all durations and regions are less than the 
total station-years of record. Also, table 10 indicates 
that the differences between effective regional record 
lengths and total station-years of record are greatest for 
24-hour duration data in all regions and least for 2-hour 
duration data in all regions. Given that interstation cor 
relation was shown to be greatest for 24-hour duration 
storm depths and least for 2-hour duration storm 
depths, the results in table 10 indicate the effects of the 
interstation correlation. Because the at-site values of 
precipitation maxima are not completely independent 
and because the three selected regions had some 
degree of heterogeneity, a suggested rule of thumb for 
extrapolation of regional frequency curves for Mon 
tana is to not exceed the effective regional record 
lengths. While this is a heuristic argument and not a 
statistical one, the rule of thumb appears to be reason 
able and supportable by the data given the inherent 
complexities in the meteorology of extreme storms and 
the complexity of any rigorous statistical approach. On 
that basis, the effective regional record lengths shown 
in table 10 are considered to be reasonable maximum

values of recurrence interval for making estimates of 
at-site annual storm depths in Montana.

Determination of At-Site Mean Storm Depths

As previously discussed, the at-site mean value of 
storm depth is required to estimate at-site storm depth 
from the dimensionless regional frequency curves. 
Regression equations for estimating at-site mean val 
ues of storm depth for each duration were developed 
for each region based on data at all sites used in the 
regionalization. Explanatory variables considered for 
use in the regressions were at-site latitude, longitude, 
mean annual precipitation, and elevation. These vari 
ables were selected because they (1) were available at 
all gaged sites used in the regionalization, and (2) can 
be fairly easily determined at ungaged sites from topo 
graphic maps and maps of mean annual precipitation 
recently prepared for Montana from digital data com 
piled by the Oregon State University Climate Center 
(George Taylor, unpub. data, 1995) (pi. 2).

A regression routine that used all possible combi 
nations of explanatory variables was used, and the 
"best" model for each duration was considered to be 
the one that resulted in the minimum value of Mallows' 
Cp (Helsel and Hirsch, 1992, p. 312-313). Residual 
plots were also examined to ensure that residuals gen 
erally (1) were normally distributed, (2) had constant 
variance throughout the range of mean precipitation 
maxima, and (3) were linear. The "best" equation for 
each duration and two statistics indicating relative 
regression reliability, standard error of estimate and 
coefficient of determination (ft2), are shown in table 11. 
At-site elevation was not a significant explanatory vari 
able for any duration within any region, presumably 
because it was highly correlated with mean annual pre 
cipitation.

As indicated in table 11, the regression equations 
for 2- and 6-hour duration mean storm depths had 
smaller standard errors than did the equation for 24- 
hour duration mean storm depth. The difference may 
be partly due to the inclusion of SNOTEL sites in the 
24-hour duration database, but not in the 2- or 6-hour 
duration database.

As a test of the overall reliability of the regression 
equations, 20 precipitation stations were randomly 
selected from each of the 3 regions of the State and 
considered to be ungaged sites for which the regression 
equations were used to calculate mean values of storm 
depth for 2-, 6-, and 24-hour durations. Methods for 
estimating mean values of storm depth described in the 
National Oceanic and Atmospheric Administration 
(NOAA) Precipitation-frequency Atlas 2 (Miller and
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Table 10. Total station-years of storm-depth record and effective record length by duration and region, Montana

Duration, in hours Region

2 I
2
3

6 I
2
3

24 I
2
3

Total station-years of 
record

1,375
685

1,874

1,574
762

2,185

5,593
2,906

10,014

Effective record 
length, in years

1,300
600

1,800

1,500
500

1,900

4,000
1,900
5,100

Effective record 
length, in percent of 
total station-years

95
88
96

95
66
87

72
65
51

Table 11. Regression equations for estimation of mean storm depth for indicated duration in Montana
[Regression equation: Pmaxt, storm depth in inches, with t indicating duration in hours; LA T, site latitude, in decimal degrees minus 40; LONG, site longitude, 
in decimal degrees minus 100; and MAP, mean annual precipitation, in inches, as determined from State maps prepared from digital data from Oregon State 
University Climate Center (pi. 2)]

Standard Coefficient of
Region Equation error, determi-

inches nation, R 2

I Pmaxl =

Pma.\6 =

Pmax24 =

2 Pmax2 =

Pmax6 =

Pinax24 =

3 Pmaxl =

Pma.\6 =

Pma.\24 -

0.44 + (0.0027 x MAP)
0.60 + (0.0067x MAP)

1 .0 + (0.078 x LAT) - (0.059 x LONG) + (0.025 x MAP)

0.69 + (0.034 x LAT) - (0.029 x LONG)
0.75 + (0.087 x LAT) - (0.041 x LONG)
\ A + (0. 1 8 x LAT) - (0. 13 x LONG) + (0.01 9 x MAP)

0.70 + (0.031 *LAT)- (0.040 x LONG) + (0.0087 x MAP)
0.85 + (0.031 xLAT)- (0.038 x LONG) + (0.015 x MAP)

0.62 + (0.039 *LAT)- (0.016 x LONG) + (0.058 x MAP)

0.05
0.07
0.16

0.09
0.12
0.27

0.08
0.08
0.16

0.10
0.31
0.80

0.16
0.30
0.52

0.62

0.59
0.49
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others, 1973) were also used to calculate mean values 
of storm depth for the same durations at the same 20 
test sites. Results from the regression equations and 
from the methods described in NOAA Atlas 2 were 
compared to actual values of mean storm depth deter 
mined from the gaged record, and the standard devia 
tion of the differences (residuals) between calculated 
and actual values are shown in table 12. As shown in 
table 12, the results from the regression equations gen 
erally had lower standard deviations of residuals than 
did the results from the methods described in NOAA 
Atlas 2. Accordingly, the regression equations are 
considered to be generally more reliable within Mon 
tana than the methods described in NOAA Atlas 2.

Table 12. Results of comparison test between regression 
equations and methods in NOAA Atlas 2, volume 1, 
Montana1

Standard deviation of
residuals for

Duration, estimates of mean 
hours storm depth from 

regression equations, 
inches

Standard deviation of
residuals for estimates
of mean storm depth

made using NOAA
Atlas 2, inches

2
6

24

0.05 
.08 
.15

0.09 
.11
.20

'Miller and others, 1973.

An alternative method for the estimation of an at- 
site mean value of storm depth is to use the mean storm 
depth obtained from recorded data at a nearby station. 
If the station is relatively close to the ungaged site and 
has a similar elevation, the mean storm depth at the sta 
tion is likely to be similar to that at the ungaged site 
and, perhaps, a better estimate of mean storm depth at 
the ungaged site than that from a regression equation.

To test whether estimates from nearby stations 
could be considered to be as reliable as estimates from 
regression equations, the nearest station having data for 
the same storm duration to each of the 20 test stations 
was used to estimate mean storm depth for 2-, 6-, and 
24-hour durations at each test station. The standard 
deviation of differences (residuals) in mean storm 
depth was calculated for the 20 pairs of stations. The 
standard deviation of differences for each duration is 
shown in table 13, together with the mean values of 
interstation distance and elevation difference for the 20 
pairs of stations. The standard deviations shown in 
table 13 generally are the same or smaller than the stan 
dard deviations of differences for the regression equa 
tions and for the methods of NOAA Atlas 2 (table 12). 
On that basis, the use of a nearby station to estimate

mean storm depth at an ungaged site is considered to be 
at least as reliable as the use of regression equations so 
long as the interstation distance and elevation differ 
ence between the nearby station and the site of interest 
are not substantially greater than the mean values in 
table 13.

Table 13. Standard deviation of residuals and mean values 
of interstation distance and elevation difference for use of 
nearby station to estimate mean storm depth, Montana

Duration,
hours

2
6

24

Standard deviation
of residuals for

estimates of mean
storm depth using
nearby stations,

inches

0.05
.06
.11

Mean
interstation
distance,

miles

24.3
23.3
10.4

Mean
elevation

difference,
feet

707
712
358

Depth-Area Adjustment Curves

For most rainfall-runoff applications, a basin- 
average value of storm depth is required rather than an 
at-site or point value. For any given storm, precipita 
tion depth varies spatially from the storm center, or 
point of maximum depth, to the storm edges where pre 
cipitation depth is zero. Thus, for storms centered on a 
basin, the basin-average value of storm depth will 
always be less than the value at the basin or storm cen 
ter. The degree to which point estimates of precipita 
tion depth need to be adjusted downward to yield 
basin-average values depends upon basin size and 
storm duration. Storms that are large in areal extent 
will completely cover small basins so that little or no 
downward adjustment of point values of precipitation 
depth is required for small basins. Storms that are large 
in areal extent also generally have longer durations, so 
the degree of downward adjustment of point values to 
basin-average values generally decreases with increas 
ing storm duration.

Adjustments to point values of precipitation depth 
to produce basin-average values commonly are made 
through the use of depth-area adjustment curves. 
Although the determination of depth-area adjustment 
curves for Montana was beyond the scope of the cur 
rent study, various depth-area adjustment curves have 
been developed for other studies (Hansen and others, 
1988; Miller and others, 1973; U.S. Weather Bureau, 
1981; U.S. Department of Agriculture, 1972). The 
variation among these published depth-area adjustment 
curves is fairly large, especially for short-duration
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(2-hour) storms and large basins (drainage areas 
greater than about 100 square miles). Of these pub 
lished depth-area adjustment curves, those developed 
by Miller and others (1973) result in the smallest reduc 
tion of point precipitation depths and thus are consid 
ered to be the most conservative. For most dam-safety 
and design applications, the depth-area adjustment 
curves by Miller and others (1973) thus are considered 
to be most applicable and are included here for easy 
reference (fig. 19).

Estimation of a basin-average storm depth for a 
specified recurrence interval generally requires that 
several estimates of at-site storm depth be averaged. 
The number of at-site estimates required to provide a 
reasonable basin-average value depends upon the areal 
variation in mean at-site storm depth as determined by 
equations in table 11. In relatively small basins in east 
ern Montana where mean annual precipitation does not 
have much variation, calculated mean at-site storm 
depth also will not have much variation. For these 
basins, a single at-site estimate of storm depth at the 
basin centroid can be used with the appropriate curve in 
figure 19 to estimate basin-average storm depth. For 
larger basins in eastern Montana and for most basins in 
the mountains of Region 1 and 2 where mean annual 
precipitation varies substantially, several at-site esti 
mates of storm depth are required. A grid-sampling

method can be used for these basins to uniformly select 
points for at-site calculation of mean storm depth. To 
apply the grid-sampling method, a transparent grid is 
overlaid on a map of the basin, and a calculation of at- 
site mean storm depth is made for each grid intersec 
tion within the basin boundary. For each calculated 
mean storm depth, the appropriate dimensionless 
precipitation-frequency curve is used to calculate at- 
site storm depth for the specified recurrence interval, 
and all estimates of at-site storm depth are averaged. 
The areally averaged value of at-site storm depth is 
then used with the appropriate depth-area curve in fig 
ure 19 to estimate basin-average storm depth.

Application of Regional Analysis Approach 
and Limitations

Determination of an at-site storm depth for a 
selected recurrence interval and storm duration 
requires an estimate of at-site mean storm depth for the 
selected duration and application of one of the three 
dimensionless precipitation frequency curves (figures 
12-14 or figures 15-17). Selection of an appropriate 
storm duration and recurrence interval depends upon 
the problem under consideration and is beyond the

1.00

100 200 300 400 
BASIN SIZE, IN SQUARE MILES

500

MODIFIED FROM MILLER 
AND OTHERS (1973)

Figure 19. Depth-area adjustment curves for Montana.
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scope of this report. For rainfall-runoff determinations, 
storm duration generally is a function of the size of 
watershed under consideration and needs to be suffi 
ciently long to ensure that the maximum rate of runoff 
results from the total depth of precipitation. In addi 
tion, depending upon the storage capacity of a reservoir 
relative to the runoff-generating capability of the 
watershed, total runoff volume from a storm may, in 
some instances, be more important than the maximum 
rate of runoff. If so, the appropriate storm duration will 
likely be longer than that required to produce the max 
imum rate of runoff. Given these considerations, an 
appropriate minimum storm duration is related to the 
time of travel of runoff from the farthest point in the 
basin to the point of interest and can be calculated from 
the physical characteristics of the basin (Holnbeck and 
Parrett, 1996). Selection of an appropriate recurrence 
interval for a rainfall-runoff problem relates to the risk 
of failure, and what constitutes an acceptable level of 
risk needs to be determined administratively. In gen 
eral terms, the greater the risk to life or property, the 
greater the recurrence level needs to be.

The following examples are intended to illustrate 
the methods for estimation of annual precipitation 
maxima for typical dam-safety applications in Mon 
tana where storm duration and recurrence interval pre 
viously have been determined. The examples require 
some hydrologic judgment about: (1) the relation 
between recurrence interval of a storm and recur 
rence interval of the resultant runoff, (2) the use 
of precipitation-frequency curves for sites near 
regional boundaries, (3) application of the grid- 
sampling method for estimation of at-site storm depths, 
or (4) the use of alternative methods for estimation of 
mean values of storm depth. Discussion about the 
degree of judgment required and its effect on the reli 
ability of the estimates is provided for each example. 
The choices made in the examples are intended to be 
reasonable and are not necessarily the same choices 
that would be made for actual design applications 
where larger, more conservative, or smaller, less con 
servative, estimates might be required.

Example 1:
An estimate of an at-site precipitation depth for a 

6-hour duration storm is required for a location at the 
centroid of a small, 5-square mile basin in southwest 
ern Montana. The site latitude is 45°, and the site lon 
gitude is 112°30'. The estimate will be used in a 
rainfall-runoff model where the required recurrence 
interval of the runoff is 100 years. Average conditions 
of basin infiltration are assumed, so the recurrence 
interval of the precipitation maximum is assumed to be 
the same as that for the runoff (100 years).

Solution:
Based on the latitude and longitude, the site is 

determined to be in Region 1. The dimensionless 
storm depth for a 6-hour duration storm having a 100- 
year recurrence interval is determined from figure 12 to 
be 2.3. From the map of mean annual precipitation (pi. 
2), the mean annual precipitation for the site is deter 
mined to be 18 inches. The at-site mean 6-hour storm 
depth is calculated from the equation for Pmax6 in 
table 11 as follows:
Pmax6 = 0.60 + (0.0067 x MAP)

= 0.60 + (0.0067 x 18)
= 0.60 + 0.12
= 0.72 inches

Multiplying the dimensionless storm depth times 
the at-site mean storm depth yields the following esti 
mate of precipitation depth for a 6-hour duration storm 
having a 100-year recurrence interval:

Depth = 2.3 x 0.72 
= 1.7 inches.

Discussion:
The assumption that recurrence interval of the 

storm is equivalent to recurrence interval of the runoff 
is commonly made. Readers need to be aware, how 
ever, that the rainfall-runoff process is very complex, 
and that a storm depth having a given recurrence inter 
val can produce runoff having a wide range in recur 
rence intervals depending upon the location, 
uniformity, and temporal characteristics of the storm 
and hydrologic conditions in the basin. For example, a 
storm having a small recurrence interval can produce 
runoff having a large recurrence interval if basin infil 
tration is abnormally small. In a very general sense, if 
storm characteristics and hydrologic conditions in a 
basin are typical for the season (average values), it 
seems reasonable to assume that recurrence intervals 
for storm depth and runoff are similar.

Because the site is not located close to a regional 
boundary and because the recurrence interval is much 
less than the equivalent record length of 1,500 years, no 
adjustments to the estimated storm depth or conditions 
on its use are considered necessary.

Example 2:
A basin-average estimate of precipitation depth 

for a 24-hour duration storm is required for spillway 
modification on a reservoir having a 150-square mile 
drainage basin in Central Montana. Because the basin 
is relatively large and varies in elevation, the grid- 
sampling method is used to select five grid intersec 
tions for the calculation of at-site storm depths. The
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latitudes of the five grid intersections range from 
46°45' to 46°55' and the longitudes of the five grid 
intersections range from 109°45' to 109°55'. The site 
is considered to be a relatively high-risk site, and the 
required recurrence interval for the 24-hour duration 
storm-depth estimate is selected to be 2,000 years.

Solution:
From the given latitudes and longitudes, the basin 

is determined from plate 1 to be partly in Region 2 and 
partly in Region 3. Three of the grid intersections 
where at-site storm depth is to be calculated are deter 
mined to be in Region 2, and two are determined to be 
in Region 3. From figure 17, values of dimensionless 
precipitation depth for a 24-hour storm having a 2,000 
year recurrence interval are found to be 4.3 in Region 2 
and 3.9 in Region 3.

From plate 2, the mean annual precipitation at the 
5 grid intersections ranges from 14 to 30 inches. The 
at-site mean precipitation depth for a 24-hour storm is 
calculated for each grid intersection using the equa 
tions for Pmax24 in table 11. The results of the calcu 
lations are shown below:

Pmax24, 
in inches

1.9 
1.8 
1.7 
1.7 
1.5

Storm depths for the three grid intersections in 
Region 2 are calculated by multiplying each value of 
Pmax24 by the dimensionless precipitation depth, 4.3, 
as follows:

Depth (1) = 4.3 x
Depth (2) = 4.3 x
Depth (3) = 4.3 x

1.9 = 8.2 inches
1.8 = 7.7 inches
1.7 = 7.3 inches

Likewise, storm depths for the two grid intersec 
tions in Region 3 are calculated by multiplying each 
value of Pmax24 by the dimensionless precipitation 
depth, 3.9, as follows:

Depth (4) =3.9 
Depth (5) - 3.9

x 1.5 = 5.9 inches 
x 1.7 = 6.6 inches

The five calculated at-site storm depths are averaged 
to obtain a value of 7.1 inches. From the depth-area 
curve for 24-hour duration storms in figure 19, the 
depth-area adjustment factor for a 150-square mile 
basin is found to be 0.93. Finally, multiplication of the 
depth-area adjustment factor by the average at-site

storm depth yields the basin-average precipitation 
depth for a 2,000-year, 24-hour duration storm as:

Basin-average depth = 0.93 x 7.1 inches 
= 6.6 inches

Discussion:
Although the recurrence interval of 2,000 years is 

large, it is less than the equivalent record length for 24- 
hour duration data in Region 3 (5,100 years) and only 
slightly greater than the equivalent record length for 
24-hour duration data in Region 2 (1,900 years). The 
basin-average estimate based on the at-site estimates 
for Regions 2 and 3 is thus considered to meet the sug 
gested rule of thumb for extrapolation of regional pre 
cipitation-frequency curves for Montana and to be a 
reasonable estimate.

Because the location of regional boundaries is 
somewhat arbitrary, an alternative approach for this 
problem would be to use only the dimensionless pre 
cipitation-frequency curve for Region 2 rather than 
curves for both Regions 2 and 3. The calculated at-site 
precipitation depths at the two grid intersections in 
Region 3 would then be as follows:

Depth (4) = 4.3 x 
Depth (5) = 4.3 x

1.7 = 7.3 inches 
1.5 = 6.5 inches

The average value of at-site precipitation depth would 
be 7.4 inches, and the basin-average storm depth 
would be:

Basin-average depth = 0.93 x 7.4 
= 6.9 inches

Given the large recurrence interval required, the alter 
native approach, which provides a conservatively 
larger storm depth, might be more appropriate for this 
example.

Example 3:
Estimates of storm depths for 2-,6-, and 24-hour 

durations are required for design of a flood-control 
structure on a small, 3.5 square mile basin in the moun 
tains of western Montana (Region 1). The latitude and 
longitude of the basin outlet are 47° 11' and 113° 18', 
respectively. The mean annual precipitation at this site 
is determined from plate 2 to be 40 inches. An appro 
priate recurrence interval for design has not been deter 
mined, so a precipitation frequency curve will be 
determined for each duration. A long-term precipita 
tion station is located about 3 miles south of the basin 
at an elevation about 100 feet lower than the basin out 
let. The mean storm depths for durations of 2-, 6-, and 
24-hours at the station are 0.70, 1.0, and 1.9 inches, 
respectively.
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Solution:

Because of the small size of the basin, a single at- 
site estimate of precipitation depth at the basin outlet is 
considered to be representative of average precipitation 
over the basin.

Using the equations for Pmax2, Pmax6, and 
Pmax24 for Region 1 in Table 11 to calculate at-site 
mean storm depth gives the following:

Pmax2 = 0.44 + (0.0027x40)
= 0.44 + 0.11
= 0.55 inch

Pmax6 = 0.60 + (0.0067 x 40)
= 0.60 + 0.27
= 0.87 inch

Pmax24 = 1.0+ (0.078 x 7.2)-(0.059 x 13)+ (0.025 x 40)
= 1.0 + 0.56-0.77+ 1.0
= 1.8 inch

Because the nearby precipitation station is con 
sidered to be meteorologically similar to the basin out 
let, the slightly larger mean storm depths at the nearby 
station are used to calculate storm depths from the 
dimensionless precipitation frequency curves rather

than the mean depths obtained from the regression 
equations.

From figure 12, ordinates for various recurrence 
intervals for each duration were selected to produce 
table 14.

The columns of dimensionless storm depths in 
table 14 were each multiplied by the mean storm depth 
for the appropriate duration to produce table 15 for 
plotting storm depth frequency curves. Equations 3 
and 4 were used to convert the T-year recurrence inter 
val in table 15 to GRV for plotting purposes as previ 
ously described, and the final storm-depth frequency 
curves for the example site are shown in figure 20. 
Data in tables 14 and 15 are all shown to two decimal 
places to ensure that the final storm-depth frequency 
curves would be relatively smooth.

Discussion:

Figure 20 indicates that, as expected, at-site storm 
depths increase with increasing duration for any given 
recurrence interval. As was previously discussed, this 
result may not have been evident from the dimension- 
less precipitation frequency curves in figures 12-14.

Table 14. Dimensionless storm depths for indicated durations and recurrence intervals for hypothetical 
site in Region 1, Montana

Recurrence interval Dimensionless storm depth for indicated duration
(years)

2
5
10
50
100
200
500

1,000
2,000
5,000

2-hour

0.90
1.25
1.50
2.20
2.55
2.95
3.55
4.05
4.65
5.45

6-hour

0.90
1.25
1.45
2.05
2.30
2.60
3.00
3.40
3.80
4.30

24-hour

0.90
1.25
1.45
1.95
2.15
2.40
2.70
2.95
3.20
3.52

Table 15. Storm depths for indicated durations and recurrence intervals for hypothetical 
site in Region 1, Montana

Recurrence interval Storm depth (in inches) for indicated duration
(years)

2
5

10
50
100
200
500

1,000
2,000
5,000

2-hour

0.63
0.88
1.05
1.54
1.78
2.06
2.48
2.84
3.26
3.82

6-hour

0.90
1.25
1.45
2.05
2.30
2.60
3.00
3.40
3.80
4.30

24-hour

1.71
2.38
2.76
3.70
4.08
4.56
5.13
5.60
6.08
6.69
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Figure 20. Storm-depth frequency curves for hypothetical site in Region 1, Montana.

The dimensionless curves generally increase in steep 
ness and have larger ordinates as the durations 
decrease. On that basis, the dimensionless curves seem 
to imply that calculated at-site storm depths for a given 
recurrence interval might be larger for short durations 
than for long durations. As the results in example 3 
indicate, scaling the dimensionless ordinates by the 
mean storm depth removes the anomalous appearance 
of the dimensionless frequency curves and results in at- 
site storm-depth frequency curves that are reasonable.

SUMMARY

Methods for estimating precipitation depths based 
on probability of exceedance are required to better 
evaluate risk of dam failure and establish a more con 
sistent basis for spillway design. A regional analysis of 
annual precipitation maxima for Montana resulted in 
dimensionless precipitation-frequency curves for 2-, 
6-, and 24-hour storm durations for three acceptably 
homogeneous regions in Montana. Within each homo 
geneous region, at-site annual precipitation maxima 
were made dimensionless by dividing by the at-site 
mean and pooled for analysis to yield a single dimen 
sionless frequency curve applicable for each duration. 
Z,-moment statistics were used to help define the homo 
geneous regions and to develop the dimensionless pre 
cipitation-frequency curves.

Data from 122 hourly and 283 daily precipitation 
stations operated by the National Weather Service and 
54 daily precipitation stations operated by the Natural 
Resources Conservation Service were used to develop 
the database of annual precipitation maxima. Four 
hourly and 22 daily sites were located in northern Wyo 
ming. All stations had at least 10 years of data. 
Because of periods of missing data, precipitation data 
were carefully scrutinized to ensure that reported 
annual maxima were true maxima. Data were tested to 
ensure that 24-hour duration maxima from the daily 
stations were, after application of an adjustment factor, 
equivalent to 24-hour duration maxima determined 
from hourly stations. Data were also tested to ensure 
that annual maxima based on different annual periods 
were equivalent. Statistical tests were applied to the 
annual precipitation maxima to ensure that the data 
were not serially correlated and were stationary over 
the general period of data collection (1900-92). The 
data also were tested for spatial independence using the 
interstation correlation coefficient and found to have a 
small, but significant, degree of interstation correlation.

Several attempts were made to delineate homoge 
neous regions. The first attempt, based on a previous 
study in Washington State, delineated regions such that 
each had a small range in values of mean annual precip 
itation. Results of a statistical test for regional hetero 
geneity based on /--moments indicated that regions 
delineated on the basis of a small range in values of
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mean annual precipitation generally were not homoge 
neous in Montana. A second attempt delineated 
regions such that each had a small range in values of 
site elevation. This attempt also generally resulted in 
non-homogeneous regions based on results of the het 
erogeneity test. Three regions previously delineated on 
the basis of physiography and climate also were tested 
and found to be acceptably homogeneous for purposes 
of this study. One region (Region 1) consisted of gen 
erally mountainous western Montana where large 
storms generally receive their moisture from the Pacific 
Ocean. A second region (Region 2) included the 
mountains forming the eastern edge of the Rocky 
Mountain range where large storms are often the result 
of the orographic uplifting of moisture systems origi 
nating in the Gulf of Mexico. The third region (Region 
3) consisted of the plains areas of eastern Montana 
where large storms may originate from moisture 
sources in the Pacific Ocean or the Gulf of Mexico. 
Although the three regions did not meet the statistical 
test for homogeneity based on /.-moments for all storm 
durations, the same regional boundaries were used for 
all storm durations to define acceptably "homoge 
neous" regions.

Within each homogeneous region, regional values 
of Z-moments and Z-moment ratios were used to calcu 
late parameters of several candidate probability distri 
butions. A goodness-of-fit test was used to help select 
an acceptable distribution for each duration within each 
region. The distribution that most often satisfied the 
goodness-of-fit test and was thus selected as the best 
distribution for all durations and regions was the 3- 
parameter Generalized Extreme Value (GEV) distribu 
tion. The GEV distribution was used to construct 
dimensionless frequency curves of annual storm depth 
for each duration within each region. Each dimension- 
less frequency curve was considered to be reliable for 
recurrence intervals up to the effective record length. 
Because of significant, though small, interstation corre 
lation in all regions for all durations, and because the 
selected regions exhibited some heterogeneity, the 
effective record length was considered to be less than 
the total number of station-years of data. The effective 
record length for each duration in each region was esti 
mated using a graphical method and found to range 
from 500 years for 6-hour duration data in Region 2 to 
5,100 years for 24-hour duration data in Region 3.

Because the dimensionless frequency curves are 
scaled by the mean values of annual storm depth, using 
the curves to estimate precipitation depths for specified 
durations and exceedance probabilities at ungaged sites 
requires the estimation of mean storm depths for the 
specified durations. Regression equations for the esti 
mation of mean storm depths for durations of 2, 6, and

24 hours were developed. Explanatory variables for 
the regression equations included site location (latitude 
and longitude) and mean annual precipitation. The 
regression equations were tested against methods for 
estimating mean values previously developed by the 
National Weather Service and were determined to be 
generally more reliable within Montana than the previ 
ously developed methods. Use of a nearby precipita 
tion station to estimate mean storm depths at an 
ungaged site also was tested and found to be at least as 
reliable as use of a regression equation.
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